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Abstract
High quality graphene nanoribbons
(GNRs) grown by on-surface synthe-
sis strategies with atomic precision can
be controllably doped by inserting het-
eroatoms or chemical groups in the
molecular precursors. Here, we study
the electronic structure of armchair
GNRs substitutionally doped with di-
boron moieties at the center, through a
combination of scanning tunneling spec-
troscopy, angle-resolved photoemission,
and density functional theory simula-
tions. Boron atoms appear with a small
displacement towards the surface signal-
ing their stronger interaction with the
metal. We find two boron-rich flat bands
emerging as impurity states inside the
GNR band gap, one of them particularly
broadened after its hybridization with
the gold surface states. In addition, the
boron atoms shift the conduction and va-
lence bands of the pristine GNR away
from the gap edge, and leave unaffected
the bands above and below, which be-
come the new frontier bands and have
negligible boron character. This is due
to the selective mixing of boron states
with GNR bands according to their sym-
metry. Our results depict that the GNRs
band structure can be tuned by mod-
ifying the separation between di-boron
moieties.
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Introduction
Graphene nanoribbons (GNRs) have emerged
as a low dimensional platform for nanoelec-
tronics with promising applications due to the
predictive control on their functionality.1 Most
GNRs are predicted to be one-dimensional
semiconductors, with a band-gap that depends
on their width and orientation.2,3 However, due
to their low dimensions, their electronic prop-
erties are extremely sensitive to atomic-scale
defects and inhomogeneities appearing during
their fabrication. On-surface chemistry strate-
gies allow producing atomically precise nanorib-
bons with perfectly well-defined widths and
edges, using organic precursors and directing
their reaction over a metal surface.4–6 This
method succeeded in fabricating nanoribbons
with controlled size4,7–11 and orientation,12,13
in doping them with chemical groups,14–20 as
well as in producing hybrid structures with en-
hanced functionality.21–23
Here we study the electronic structure of 7
atoms wide armchair GNRs (7-AGNRs) substi-
tutionally doped with di-boron moieties at the
center of the carbon backbone (2B-7-AGNRs,
Scheme 1), adsorbed on a Au(111) surface.
In our study, we combine scanning tunneling
spectroscopy (STS), angle-resolved photoemis-
sion (ARPES), and density functional theory
(DFT) simulations to unveil the effect of in-
serting boron atoms in the electronic structure
of the pristine ribbon. The synthesis of these
ribbons was previously reported in Refs. 15,16,
and a recent report proposed that their bands
should exhibit a different topological configu-
ration than bare 7-AGNRs.24 We find that
the di-boron impurities modify the electronic
structure of the 7-AGNR in two ways. First,
the boron states interact with both valence and
conduction bands (VB and CB) of the pristine
7-AGNR, while the VB-1 and CB+1 bands re-
main unaffected. This causes a band-inversion
of the frontier bands. Second, two impurity
(boron-rich) flat bands appear above and be-
low the Fermi level (EF). The unoccupied one,
already predicted in Refs. 15,16, is found here
as a broad band, strongly mixed with Au(111)
states. Both impurity bands lie well inside the
7-AGNR band gap and their inter-band dis-
tance depends on the separation between 2B
moieties.
Methods
SPM methods. Our STS measurements
were performed in an ultra-high vacuum sys-
tem, composed of a chamber for the sam-
ple preparation and an independent chamber
hosting a custom-made low temperature (4.8
K) Scanning Tunneling Microscope (STM). We
measured the differential conductance using a
lock-in demodulation method.
Angle-resolved photoemission measure-
ments. ARPES measurements were performed
in a separate UHV system equipped with a
room temperature STM and a low-energy elec-
tron diffraction (LEED) system used to check
the sample quality. ARPES data were taken us-
ing a Phoibos 150 SPECS high-resolution hemi-
spherical electron analyzer on the sample cooled
down to 150 K. He-I (hν = 21.2 eV) radia-
tion was provided by a high intensity UVS-
300 SPECS discharge lamp coupled to a TMM-
302 SPECS monochromator. Binding energies
values given here are referred to EF. Because
ARPES is an ensemble-averaging technique, a
measurement of the electronic dispersion along
the ribbons requires uniaxially aligned GNRs.
Therefore, we used the stepped Au(322) sub-
strate instead of the Au(111), which consists
of narrow terraces with the Au(111) orienta-
tion with parallel steps separated by ∼1.2 nm.
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Scheme 1: Chemical structure of the pre-
cursor 9,10-bis(10-bromoanthracen-9-yl)-9,10-
dihydro-9,10-diboraanthracene (1), and the
two-step reaction pathway undergone on the
Au(111) surface: the Ulmann-like C-C cou-
pling into extended polymers (2), and the
cyclodehydrogenation into the flat di-boron-
doped graphene nanoribbon 2B-7-AGNRs (3).
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This surface is a template for the growth of
GNRs uniaxially aligned along the narrow ter-
races.25 The dense array of steps have the ad-
ditional effect of lowering the work function of
the Au(111) surface by 0.25 eV.25
Sample preparation. On both the Au(111)
and the Au(322) surfaces, the boron-doped
graphene nanoribbons 2B-7-AGNRs, were ob-
tained by following a two-step on-surface reac-
tion of 1 (Scheme 1) precursors, as previously
reported in Refs. 4,15,16. First, a clean Au(111)
single crystal surface was precovered with pre-
cursor 1 and annealed to 200 ◦C for ∼ 5 min-
utes to activate their Ullmann-like coupling and
polymerization into structure 2. Further an-
nealing to 400 ◦C (∼3 minutes) induced a cy-
clodehydrogenation reaction, leading to addi-
tional C-C bonds between neighbor anthracene
units and the creation of the flat GNR back-
bone 3. As shown in Scheme 1, the two boron
atoms of the precursor appear at the center of
the ribbon, a pair every 3-unit cells of the pris-
tine 7-AGNR ribbon, amounting to a total∼5%
of the total C atoms of the ribbon.
Theoretical methods. Ab initio calcula-
tions were carried out using DFT, as imple-
mented in the SIESTA code.26 For the descrip-
tion of the 2B-7-AGNR adsorbed on gold, we
used a supercell composed of a slab containing
3 layers of the Au(111) surface and the nanorib-
bon on top. We employed the stacking geome-
try suggested in Ref. 27, where 2× 2 graphene
and Au(111)
√
3 × √3 R30◦ unit cells are di-
rectly matched. Following Ref. 28, the bottom
Au surface was passivated with hydrogen atoms
to quench the Au(111)’s surface state of the
bottom surface, avoiding spurious effects due
to the interaction of the surface states on both
sides of the slab. Moreover, to avoid interac-
tions between periodic surfaces, we considered
a vacuum region of more than 20 A˚.
The GNR and the top two Au layers were
fully relaxed until forces were< 0.01 eV/A˚. Dis-
persion interactions were taken into account us-
ing the nonlocal optB88-vdW functional.29 The
basis set consisted of double-ζ plus polarization
(DZP) orbitals for C, B, H, and bulk Au atoms.
Au atoms on the topmost layer were treated
with a DZP basis set optimized for the descrip-
tion of the (111) surface of Au.30 This extended,
optimized basis set describes adequately the de-
cay of the metal electron density into vacuum,
and improves the description of the Au(111)
surface state. A 3 × 1 × 1 Monkhorst-Pack
mesh was used for the k-point sampling of the
three-dimensional Brillouin zone, where the 3
k-points are taken along the direction of the rib-
bon. A cutoff of 300 Ry was used for the real-
space grid integrations. For the free standing
2B-7-AGNR, we performed DFT calculations
(including geometrical optimization) using the
same simulation parameters and the same unit
cell as for the adsorbed ribbon. This allows
us to directly compare the band structures ob-
tained in the isolated and the Au-supported
cases. All the DFT results presented in this ar-
ticle are spin-restrictred simmulations, and are
qualitatively identical to similar calculations in-
cluding spin as an additional degree of freedom.
So, even for the free ribbon, the system does not
show any net spin-polarization according ot our
DFT simulations.
Results and Discussion
Figure 1a shows an overview of the resulting
ribbons on the Au(111) surface. As reported
in Refs. 15,16, the on-surface reaction of pre-
cursor 1 is complete, and produces extended
ribbons with a small internal contrast in STM
images. A close-up view on a ribbon segment
(Fig. 1b) highlights the distinctive topographic
contrast of 2B-7-AGNRs, where borylated re-
gions appear as slight depressions along the rib-
bon backbone. To enhance the resolution of the
ribbon we functionalized the STM tip with a
CO molecule31 and mapped the tunneling cur-
rent in a constant height image at very low
bias.32 This method achieves high resolution
images of the ring structure of the graphenoid
backbone (Fig. 1c), which are comparable with
constant-height AFM images (Fig. 1d). Inter-
estingly, while the boron-regions are imaged as
dark areas in AFM, they can be resolved in CO-
STM, but with a lower contrast (red arrows
in Fig. 1c). Although both imaging methods
have some sensitivity to electronic states, they
3
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Figure 1: (a) Overview of the 2B-7-AGNR on
Au(111) (Vs=1 V It=170 pA). (b) Small scale
STM image of a 2B-7-AGNR where the lower
topography regions correspond to the borylated
areas (Vs=-150 mV It=410 pA). (c-d) High res-
olution dI/dV (c) and AFM (d) images taken
with a CO functionalized tip in constant height
mode. Red arrows highlight the borylated seg-
ments.
suggest that the borylated regions are lower15
and, consequently, hint towards a stronger hy-
bridization of boron atoms with the gold sur-
face.
Valence band determination. We per-
formed STS measurements on 2B-7-AGNR to
determine the impact of the boron substitution
on the 7-AGNR electronic structure. Figure
2a shows the dI/dV spectra obtained at the
edges of the borylated (red) and carbon (blue)
regions of the 2B-7-AGNRs and the reference
spectrum of the clean Au(111) surface (grey).
The most prominent feature is the presence of
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Figure 2: (a) dI/dV spectra acquired at the
edge of a borylated (red) and of a carbon (blue)
segment (spectrum in gray is measured over
the Au(111) as a reference). A dI/dV step at
∼1.6 eV is attributed to an unoccupied band.
We associate a broad feature between 0.2 and
1 V to the distorted surface state hybridized
with an impurity band (see text and Fig. 3).
The inset shows a constant current (closed feed-
back) dI/dV spectra acquired at the edges of
the ribbon, resolving a weak onset of conduc-
tance at ∼-0.6 V, which is attributed to the va-
lence band. (Open feedback conditions Vs=-1.1
V, It=0.4 nA, Vrms=18 mV, f =751.9 Hz; Inset:
closed feedback conditions It=0.5 nA,Vrms=12
mV, f =769 Hz) (b) Constant current dI/dV
map measured at the bias value of the dI/dV
onset, at V=-0.6 V. Arrows mark the position
of the borylated units. (c) Angle-resolved pho-
toemission spectral maps of the bare Au(322)
stepped surface and of 2B-7-AGNRs grown on
a Au(322), where the ribbons align parallel to
the steps. On the right, ARPES spectra at the
maximum of the 2B-7-AGNRs band and of the
clean surface are plotted.
a strong onset at ∼1.6 V, similar to the case of
the conduction bands in pristine 7-AGNR.33,34
Thus, we attribute this onset to the conduction
4
band of the borylated ribbon CBB. The identi-
cal alignment of this band than in the pristine
case suggests that no significant charge transfer
with the gold surface is to be expected in the
borylated ribbon. Above this onset the conduc-
tance in the carbon segments reaches a plateau,
while on the borylated segments we detect a
lager density of states at higher energies.
In contrast to pristine 7-AGNRs, the onset of
the valence band (VB) is not easily distinguish-
able in dI/dV spectra of 2B-7-AGNRs.15,16
However, we found evidence of the presence of
occupied frontier bands from dI/dV spectra in
constant-current (closed feedback) mode. The
spectra (inset of Fig. 2a) shows an onset of
dI/dV signal at ∼-0.6 V, which extends to bias
values below -1 V, both at the carbon and the
borylated regions. The dI/dV signal associated
to this band appears stronger at the edges and
also shows some higher signal over the boron
sites (Fig. 2b). However, this is far from rep-
resenting the band’s real shape due to spurious
effects regarding the different extension of the
GNR orbitals into the vacuum.34 As we shall
show later, the probable origin of the weak va-
lence signal in dI/dV spectra as compared to
the pristine version of 7-AGNR is a band or-
der reversal with respect to the 7-AGNR band
structure. This reversal is induced by boron
states that selectively mix with the carbon pi-
system, as we detailed in Ref. 17.
To explore the region of occupied bands of
the borylated nanoribbons we also performed
angle-resolved photoelectron spectroscopy of
2B-7-AGNRs on Au(322). The phoemission re-
sults resolve a clear dispersing band with an
effective mass of 0.12 me and its onset at a
binding energy of 0.93 eV (Fig. 2c). We note
that the work function of this surface is 0.25 eV
lower than that of Au(111).25 Hence, if we con-
sider that for weakly interacting adsorbates the
bands shift according to changes in the work-
function, these results would correspond to a
band’s onset energy of 0.68 eV on the Au(111)
surface. This value is close to the value ob-
served in STS, although the low effective mass
of the bands electrons is intriguing. As we shall
show later, DFT finds that this band corre-
sponds instead to the VB-1 of the pristine rib-
bon, which is however not visible in STS due to
its nodal-plane structure.9,34,35
Impurity states of 2B-AGNR. The dI/dV
spectra in Fig. 2a also show the presence of
a broad conductance signal, between EF and
CBB, which is absent in the electronic structure
of the pristine 7-AGNR. To explore in more de-
tail the origin of this broad feature, we present
in Fig. 3b and 3c two stack plots of dI/dV spec-
tra (spectral map) taken across the borylated
and the carbon sections of the 2B-7-AGNR, re-
spectively (Figure 3a). The spectral maps high-
light the presence of a broad feature above 0.3
V, with maximum intensity at around 1 V, i.e.
within the CBB-VBB band-gap, strongly local-
ized at the center of the ribbon, and extending
along the ribbon’s axis. Its energy and spa-
tial distribution suggest that it corresponds to
a new unoccupied impurity band (UIB) origi-
nated by the boron substitution. A similar fea-
ture was denominated acceptor band in Ref. 16.
Interestingly, the spectral maps of Fig. 3
show an evolution of features attributed to the
Au(111) surface state (SS) in the proximity of
the ribbon (red arrows in Figures 3b and c).
The SS signatures gradually shift and merge
with the UIB. This effect suggests a sizable
hybridization of boron-rich states with the SS,
which is consistent with the broad line width of
the UIB.
Constant height dI/dV maps at the UIB’s
maximum signal (1 V) and the CBB’s onset
show distinct modulations, both of which detail
the absence of a nodal plane along the AGNR
axis, and thus evidences the even symmetry of
these bands across the ribbon (Fig. 3d and 3e).
Furthermore, the edges of the ribbon are de-
pleted of states at the borylated segments in
both bands, whereas the carbon segments ac-
cumulate states, specially for the UIB-derived
band. In spite of the hybridization with the SS,
the dI/dV maps agree fairly well with the sim-
ulated local density of states (LDOS) maps for
the unoccupied bands of an ribbon adsorbed on
the Au(111) surface (shown in Fig. 4d-4f).
Density Functional Theory results. A
better understanding of the electronic structure
of the boron doped nanoribbons and their in-
teraction with the underlying metal substrate
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Figure 3: (a) STM topography of a 2B-7-AGNR. (Vs=-150 mV It=410 pA) dI/dV spectral maps
taken across (b) a boron segment and (c) a carbon segment of the 2B-7-AGNR (dashed lines in
(a)), including dI/dV plots at the edge and at the center of the ribbon. The UIB is localized at
the center of the ribbon, while the CBB appears stronger at the edges. The Au(111) SS is visible
outside the ribbon at -500mV and shifts upward underneath (following the red arrows). Constant
height dI/dV maps of (d) the UIB and (e) the CBB, measured by approaching a CO-functionalized
tip by 0.8 A˚ and 1.2 A˚, respectively, from the open feedback conditions Vs= 20 mV, It= 100 pA.
Red arrows mark the position of the borylated regions (Vrms=14 mV, f =760 Hz).
is provided by ab initio simulations. In partic-
ular, we performed DFT calculations for 2B-7-
AGNRs, both free standing and adsorbed on a
Au(111) substrate. In the latter case, special
care was taken to ensure a correct description
of the Shockley state of the metal surface (more
details in the methods section above). The op-
timized geometry of the 2B-7-AGNR/Au(111)
system is shown in Figure 4a. The presence
of the boron pairs induces a significant defor-
mation of the nanoribbon: the borylated re-
gions appear ∼0.3 A˚ closer to the metal surface,
in close agreement with the results from Ref.
15. This deformation is absent in the free rib-
bon, and hence, reflects a sizable nanoribbon-
metal hybridization. In the following we de-
scribe the main ingredients that characterize
the band structure of the 2B-7-AGNRs.
In-gap impurity bands: Figure 4b shows the
band structure of the free-standing nanorib-
bon projected onto carbon and boron orbitals,
thus reflecting the contribution from different
species to each band. Notice that this band
structure has been computed using a unit cell
that contains two 2B-defects in order to facil-
itate the comparison with the adsorbed case
(Fig. 4a). The most characteristic feature is
a pair of bands with large boron contribution,
located close to the Fermi level (∼ ±0.3 eV
in Fig. 4b). They correspond to an occupied
impurity-induced band (OIB) and an unoccu-
pied impurity-induced band (UIB). The pres-
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Figure 4: (a) Side view of a 2B-7-AGNR on a Au(111) slab after geometry optimization (dashed
red line indicates the obtained profile using the atoms in the GNR backbone, where the borylated
region are 0.3 A˚ closer to the metallic surface). A top view of the relaxed structure is shown
on the right. (b) Band structure of a free-standing 2B-7-AGNR along the Γ−X direction (X-
direction as indicated in (a)). Left and right panels present the carbon and boron character of the
bands, respectively. The radius of the black (red) circles represent the C (B) contribution of each
electronic state. Two clear boron heavy bands appear at ±0.3 eV with respect to EF, which for the
free standing nanoribbon is arbitrarily defined to be in the middle of the gap between them. For
visualization purposes, the C and B contributions have been multiplied by 1/3 and 3, respectively.
(c) Same as in b but for 2B-7-AGNR on top of the gold slab, with the B contributions multiplied
by 10. (d-f) Constant LDOS isosurfaces (0.0004 e−/Bohr3) of the CBB, CBB+1, and UIB bands
for the Au-supported 2B-7-AGNR. The considered energy range of integration for each isosurface
is indicated on the right side of panel c. In the caption of Fig. 5 refer the labeling scheme of the
bands to those of the pristine ribbon.
ence of these two bands at EF was already iden-
tified at low doping concentration in Ref. 17
(also shown in Fig. 5). Intriguingly, very lit-
tle B content is present in the bands immedi-
ately below and above these impurity bands,
i.e. in the delocalized frontier bands of the 2B-
7-AGNR, whose origin will be discussed later
in more detail. We also find an additional band
with large B contribution at∼ -1.9 eV. As in the
case of both in-gap impurity states, this band
is rather flat, denoting its large degree of lo-
calization at the 2B sites. This band was also
identified in the high dilution limit in Ref. 17
These two impurity bands can be rationalized
by considering that boron states of neighbor-
ing 2B sites hybridize with each other and form
these flat bands. For very low impurity concen-
tration in a free-standing ribbon (e.g. large sep-
aration between 2B dopants, see Supporting In-
formation in Ref. 17), two boron states lie very
close to EF with a shape that resembles the im-
purity bands of the present case. In Fig. 5a we
show the evolution of the band structure as the
borylated moieties are approached. The two
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Figure 5: (a) Band structure of a free-standing 7-AGNR (left) and of 2B-7-AGNRs with decreasing
doping concentrations (from left-to-right) reflected by the increase of the unit cell size containing
a single 2B impurity. The size of the red shaded area around a given band is proportional to
its boron character. The labels of the 7-AGNR frontier bands VB-1/VB/CB/CB+1, are assigned
to the borylated ribbons according to their wave-function’s amplitude isosurfaces, shown in (b),
such that CBB=CB+1, CBB+1=CB, VBB=VB-1, and VBB-1=VB, thus defining the reversal of
frontier bands explained in the text. The occupied/unoccupied mid-gap impurity-induced bands
are labeled as OIB/UIB. The Fermi energy is arbitrarily assigned in the middle of the gap between
the highest occupied and lowest unoccupied bands, and all the band structures are aligned with
respect to CB+1. (b) Representation of the unit cell (top) and the real part of the wave-functions
at Γ corresponding to the frontier and impurity-induced bands marked in (a). The color indicate
the phase of the wave function, whereas the surfaces are constant amplitude (0.01) isosurfaces.
boron states found at EF for the diluted case
(n=11) gradually increase their energy spac-
ing as the boron moieties become closer than
7 unit cells of the pristine 7-AGNR, and de-
velop a weak dispersion. Figure 5b shows the
evolution of the wave functions of the localized
boron states. As the 2B sites get closer the im-
purities’ wave functions overlap and become the
new impurity bands (OIB and UIB) of the cur-
rent (n=3) 2B-7-AGNR. From these results, we
foresee that the OIB-UIB energy spacing can
be tuned by adjusting the length of the carbon
segments used for the on-surface reaction.
Interestingly, the wave-functions for the OIB
and UIB of the 2B-7-AGNR (obtained at the Γ
point, shown in the second column of Figure 5
b) exhibit an even symmetry across the ribbon
for both impurity states,17 in agreement with
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dI/dV maps of Fig. 3. At the Γ point (Fig. 5)
the OIB has a nodal plane in the middle of the
2B-defect, while UIB presents even parity with
respect to the 2B-defect center. This contrasts
with the apparent nodal plane observed in the
experimental map of the UIB (Fig. 3d). The sit-
uation, however, is reversed as we move towards
the Brillouin zone boundary (not shown in the
figure). Hence, a direct comparison of exper-
imental STS maps with wave-function isosur-
faces of periodic systems at a particular k point
can lead to errors in the band assignment. We
thus plot in Fig. 4(d-f) the computed LDOS
maps of the unoccupied bands for the 2B-7-
AGNR on the Au(111) surface, which can be
more directly correlated with the dI/dV maps
of Fig. 3. The even symmetry across the rib-
bon is maintained for the B-rich bands, while
the low signal between the two B atoms of the
UIB is now clearly reproduced by the simula-
tions.
Band-reversal at the band-gap edges: Surpris-
ingly, the original VB of the pristine 7-AGNR is
absent in the band structure of the 2B-7-AGNR
in Fig. 4b. Instead, the first carbon-rich ribbon
state is a dispersing band, slightly below the
OIB, which has the characteristic wave-function
(plotted at Γ in Fig. 5b) of the VB-1 of the
pristine ribbon. This band is not affected by
the presence of the boron impurities because
its has odd symmetry across the ribbon axis,17
and presents a clear nodal plane along the axis,
where the 2B moieties lie. The negligible in-
teraction of VB-1 with the boron impurities is
evident from Fig. 5b, where the corresponding
wave-function is identical to that of the pristine
ribbon and not affected by the change in the
separation between the boron moieties. Addi-
tionally, this band has many nodal-planes along
the ribbon, which explains why it is difficult to
detect in normal STS measurements, as it is the
case for the VB-1 of the pristine ribbons.34
In contrast, the original VB is known to in-
teract strongly with boron states because both
have even symmetry across the ribbon. As pre-
viously reported,17 this band is strongly scat-
tered by 2B moieties and confined in the car-
bon 7-AGNR segments between them, appear-
ing as quantized flat bands at lower energies.
The quantized VB of the pristine ribbon ap-
pears in Fig. 5b, for the n=11 case, split in
several modes with large B content. The VB
band onset shifts down significantly as the dis-
tance between 2B moieties (i.e. the confined
region) becomes smaller. For the n=3 case, the
first VB derived QWS appears in Fig. 4b as a
quite flat band at ∼ -1.3 eV with a moderate
B content that indicates its hybridization with
the 2B impurities.
The results in Fig. 5 also confirm that a simi-
lar reversal of frontier bands due to symmetry-
selective band mixing applies to the conduc-
tion bands. The original CB of 7-AGNR is
even across the ribbon and, thus, interacts
with the 2B states, in contrast to the pristine
CB+1, which is odd. However, the interac-
tion is weaker in this case, and the pristine CB
moves to lie slightly above the CB+1, which
becomes the new frontier band. In contrast to
the case of valence bands, the pristine CB was
in this case the “hidden” band in STS spectra
because of the numerous nodal planes along the
ribbon,34 and the one usually detected was the
CB+1, which has odd symmetry across and is
not affected by the boron. This explain that in
both pristine and borylated ribbons, the con-
duction band detected by STM, the CB+1, lies
at the same position.
Adsorption on the Au(111) surface: When
adsorbed on the Au(111) slab, the main ingre-
dients of the electronic structure of the free-
standing 2B-7-AGNRs can be still identified.
One of the most significant changes though,
is the mixing of the impurity bands with Au
states. Figure 4c shows that UIB undergoes
a larger distortion and mixture with Au states
upon adsorption, resulting in a broad band of
boron-rich states that accounts for its spectral
line shape in our experiment.
In contrast, the dispersion of the carbon-rich
bands and the OIB can still be recognized in the
band plots, signaling their weaker hybridization
with the states at the surface. We observe a
small mixing between the originally orthogonal
VB-1 and OIB, probably due to their proxim-
ity and the mediation of the metal. Since the
OIB is a rather flat band, we conclude that
the band resolved by ARPES in Fig.2c corre-
9
sponds to the VB-1, while the one measured by
STM in Fig. 2a is probably the OIB, because it
appears modulated with the periodicity of the
boron subunits.
Conclusions
In conclusion, we have studied the structural
and electronic effects of a boron-substitution on
armchair graphene nanoribbons. The resulting
structures exhibit a high boron-dopant concen-
tration and a well-defined periodicity. The most
prominent change on the electronic structure of
2B-7-AGNRs is the introduction of two in-gap
impurity bands, which arise from the overlap
of nearby borylated moieties, and mix strongly
with Au(111) surface states resulting in hybrid
metal-ribbon states. The 2B dopants also cause
a reversal of the carbon-rich bands at the gap
edges, compared to the pristine 7-AGNR rib-
bon. This is caused by the symmetry selec-
tive mixing of bands with the states of the di-
boron defect, which leads to quantum confine-
ment of original VB and CB and their shift
away from the gap. The new valence and con-
ductance bands have a different symmetry both
across and along the ribbon. Indeed, they cor-
respond to the VB-1 and CB+1 of the pristine
7-AGNR. This is the reason for the previously
reported15,16 disappearance of the VB from STS
spectra. Our results further define basic rules
for tuning the band structure of the ribbons:
varying the distance between 2B groups can
be employed to tune the gap between impurity
bands; rotation of the 2B moiety with respect
to the ribbon axis changes the symmetry of the
carbon bands that they mix with, thus affecting
the character of the frontier transport bands.
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